Abstract: Nowadays, thermochemical biomass conversion appears to be a very promising way to process heat and steam generation, for use in a cogeneration unit engine, or for example in gas turbines producing electrical energy. The biggest problem regarding using the syngas in internal combustion engines, are pollutants, which have quite an inauspicious influence on their proper working. This article deals with the establishment of the distribution size of solid particles captured by the fiber filters in the syngas with a suitable cleaning design. Gas was produced in the fixed-bed "Imbert" type generator. Filter cake, which contained pollutants, was captured on a filter and then analyzed. Based on single total solid particles (TSP) components, we conclude that this includes its partial elimination.
generator gas, because tar and solid pollutants (SP) present in the raw gas are the main undesirable components in the gas, limiting its use in combustion motors or cogeneration unit turbines [7] .
The increase in production efficiency sets ever growing demands for gas cleaning [8] . The benefits of gasification also include the possible reduction of emissions, emissions of compounds of Sulphur, chlorine, and nitrogen, but also persistent organic pollutants (POP), e.g., polychlorinated benzodioxines and benzodifuranes (PCDD, PCDF). Reduction of emissions is achieved by removing these compounds and their precursors directly from the produced gas prior to combustion. The volume of gas is smaller compared to the volume of produced flue gases; the concentration of pollutants is higher, and more efficient removal in smaller technological equipment is possible. Pollutants are present in a reduced form; their aggressiveness towards equipment is significantly lower.
Undesirable Substances
The choice of a suitable procedure for cleaning depends on the technology selected for its properties and content of undesirable components [9] . Undesirable components are formed from inorganic components of fuel or incomplete conversion of material. They cause abrasion, corrosion, formation of sediments, and degradation reactions, e.g., in catalyzers, or they represent ecological loads [8] .
The volume of contaminating substances in the gas generated during gasification is directly dependent on the contamination of solid fuel. The volume of undesirable substances in biomass and the conversion process can be significant, e.g., N, P, K, Si, Ca, Mg, S, Na, Cl [6] . The main portion of heavy and alkali metals (potassium 80%) tend to stay in the solid phase during fuel conversion [10] .
The following pollutants are formed during the gasification process:
• Solid pollutants (SP) are defined as substances in the resultant gas formed by unreacted biomass fraction and ash matter (inorganic substances). A certain proportion is also formed by soot, and its removal is problematic due to the presence of tar [11] . When the gas is cooled, there is a risk of more solid particles forming. Wet scrubbing, high-temperatures barrier filters [12] , cyclones, and electrostatic separators are used for removal purposes [13] .
• Tars can be defined as organic substances which are produced on the basis of thermal or partial oxidation of any organic material [14] . Generally it is presumed that tars are largely composed of polycyclic aromatic hydrocarbons (PAH). Tar substances can be classified as primary, secondary, or tertiary, according to the operating conditions under which they originated. Primary tars, which contain oxygen in substantial volumes, are formed by the decomposition of biomass building blocks. Secondary and tertiary tars are formed by the destruction of primary tar substances and the recombination of fragments [15] . During these processes, oxygen and particles of hydrogen are removed [16] .
Gas Utilization
Gas can be combusted in a burner, combustion engine, or gas turbine. If gas is combusted in a burner, only heat is generated. The dust is removed from gas in cyclones. During combustion in an engine or turbine, the benefit is electricity and waste heat. If the gas is a fuel for a combustion turbine, it must be de-dusted. Tars do not need to be removed because the temperature in the turbine chamber is way above the tar dew point. Tar removal is required when the gas is used in a combustion engine. The demands for gas quality are increasing from gas motors to fuel cells. Tables 1 and 2 show the general requirements for gas quality for a gas turbine and for compression ignition and spark ignition engines. Table 3 shows the limits of pollutants for Molten Carbonate Fuel Cells (MCFC) operation. Table 2 . Requirements for gas quality for compression ignition and spark ignition engines [17] .
Parameter Value
Maximum hydrogen content (% vol.) 
SP Removal
To remove mechanical impurities and tar droplets originating from condensation, separators are used, with gravitational settlement, centrifugal forces, filtration, scrubbing, and electrostatic trapping in a high-tension electric field. According to the principle of their action, they are divided into:
The mutual comparison of the respective types of equipment with the size of the particles of trapped aerosols is shown in Figure 1 . When choosing the type of separator, it is necessary to take into account that certain types of particles agglomerate in larger aggregates, which facilitate the cleaning of gases. Today, the removal of tar from generator gas, due to the physiochemical properties of organic substances which form it, is often performed in technological practice by applying modified physiochemical processes developed in the past for gasification and carbonization of coal. Organic substances, which are similar in nature to the compounds forming tars, are used as the washing liquid in these processes. The advantage of applying organic substances in comparison to water washing is the fact that at temperatures of around 50 °C, a much lower tar content in the gas can be achieved downstream of the washer without condensation of water vapor from the gas and problematic water solutions or emulsions.
However, in these cases, pursuant to the rules of thermodynamic equilibrium, the increasing content of tar in the washing liquid increases the residual concentration of tar in the gas. This means that in the case of concentration of tar in the absorption medium, the concentration of residual tar components in the gas starts to increase. During gasification of biomass, the saturated absorption solution in small equipment typically does not regenerate but is combusted or gasified. This leads to increased operating costs. Several practical applications under various trade abbreviations are known. The best known and longest used application is cleaning of gas from an 8 MWt fluid gasification generator with a circulation bed of cogeneration units in Güssing (Austria), where the content of tar in the gas is reduced from 1500 mg•m −3 to 10-40 mg•m −3 (at a temperature under 50 °C). Such cleaned gas is combusted in the cogeneration unit engine with an output of 2 MWe, and the used bio-diesel is combusted in the combustion section of the generator [20] .
Reduction of the tar content in gas also enables optimization of the operating parameters of generators with a fluid bed with catalytically active material operating at temperatures over 900 °C.
The generation of gas with low tar content can also be achieved during operation of a so-called dual-stage generator, utilizing the principle of partial oxidation of pyrolysis products represented by a high content of tar components released in the pyrolysis section of the generator [21] . In addition, a concurrent generator such as the "Imbert" type, produces gas with low tar content, provided that technological conditions mainly respecting the biomass properties are complied with. This generator Today, the removal of tar from generator gas, due to the physiochemical properties of organic substances which form it, is often performed in technological practice by applying modified physiochemical processes developed in the past for gasification and carbonization of coal. Organic substances, which are similar in nature to the compounds forming tars, are used as the washing liquid in these processes. The advantage of applying organic substances in comparison to water washing is the fact that at temperatures of around 50 • C, a much lower tar content in the gas can be achieved downstream of the washer without condensation of water vapor from the gas and problematic water solutions or emulsions.
However, in these cases, pursuant to the rules of thermodynamic equilibrium, the increasing content of tar in the washing liquid increases the residual concentration of tar in the gas. This means that in the case of concentration of tar in the absorption medium, the concentration of residual tar components in the gas starts to increase. During gasification of biomass, the saturated absorption solution in small equipment typically does not regenerate but is combusted or gasified. This leads to increased operating costs. Several practical applications under various trade abbreviations are known. The best known and longest used application is cleaning of gas from an 8 MWt fluid gasification generator with a circulation bed of cogeneration units in Güssing (Austria), where the content of tar in the gas is reduced from 1500 mg·m −3 to 10-40 mg·m −3 (at a temperature under 50 • C). Such cleaned gas is combusted in the cogeneration unit engine with an output of 2 MWe, and the used bio-diesel is combusted in the combustion section of the generator [20] .
Reduction of the tar content in gas also enables optimization of the operating parameters of generators with a fluid bed with catalytically active material operating at temperatures over 900 • C.
The generation of gas with low tar content can also be achieved during operation of a so-called dual-stage generator, utilizing the principle of partial oxidation of pyrolysis products represented by a high content of tar components released in the pyrolysis section of the generator [21] . In addition, a concurrent generator such as the "Imbert" type, produces gas with low tar content, provided that technological conditions mainly respecting the biomass properties are complied with. This generator in its various modifications, is the most common generator in small cogeneration units in the Czech Republic.
An often-underestimated factor during the exploitation of similar units is the ingress of fine SP into the cylinder space of the combustion engine from where their residues after combustion are mainly pulled into the oil, thereby compromising its lubricating properties, alkalinity, and shortening its replacement interval. Quantity of SP which exceeds limits set by engine manufacturers also increases wear of the intake ducting and cylinders and, in the case of the use of a turbocharger, it also causes its accelerated wear.
The synchronous impact of the above-mentioned factors is one of the reasons for insufficient economic efficiency of gasification units operated today in the Czech Republic. An improvement in the situation can be achieved mainly by using more efficient SP removal, preferably using barrier filters operated above the dew point of tars and water vapors in the gas. In cases where the removal of tar and SP is performed simultaneously, there is a high risk of formation of a sticky filtration cake, causing significant problems in its subsequent removal from the filter surface. This process has a progressive character and the degree of filter surface degradation gradually increases during operation. A worse condition can only be the penetration of condensed tar into the actual filtration material. The described problem occurs quite often during starting-up of the gasification technology. Raw hot gas enters the cold space with the filtration elements, which contains amongst others, much more tar at engine start-up than during the stabilized operation. Upon contact with the cold filter the gas immediately cools, tar and water vapor condense, penetrate the filter structure and particles bond to the filter. After a certain operation period the filter heats up to the necessary temperature, but due to the polycondensation and polymerization reactions of reactive tar components the filter is permanently clogged, increasing its pressure loss and preventing its further use, often leading to the failure of the cleaning system, which then requires replacement of the filtration elements. A similar "result" can also be achieved quite easily by using cold pressure media for regeneration of the filter during reverse impulse purging.
The corresponding design of filtration materials and filter designs require knowledge of the amount, composition, and distribution of SP particles, which must be removed from the generated gas in certain cases, or the limit of the content of organic substances adsorbed by the trapped solid particles must be determined. Well known solutions of SP and tars removal from big facilities including hot filters for removing SP, catalytic decomposition of tars, or other sophisticated devices are not suitable for small energy units because of their high investment costs.
A certain problem with the operation of generators gasifying wood is the formation of incrusts in the generator's fire grate, which limits the discharge of solid residues from the gasifying generator, as well as the actual operation of the gasification process.
Experimental Section

Gasification Technology
The subject of the study was the determination of distribution of the size of solid particles trapped by the sleeve filter from gas produced by a gasification generator with a solid bed, type "Imbert", necessary for the objective design of the filtration material of the developed filtration sleeve equipment for removal of SP, their composition, quantity of adsorbed organic substances, and compositions of incrust from the generator´s fire grate.
The operated generator was fitted with gasification air preheating by waste heat from the reactor in the installed heat exchanger. This enabled achievement of a gasification air temperature of 200 to 240 • C and gasification temperature of 780-830 • C. The average consumption of woody biomass was 82 kg/h, the amount of air flow was not measured. The whole experiment lasted for 16 h.
The offtake of gas from this generator was performed from the top section from the tube leading produced gas from the generator, to the gas cleaning system. A closure valve is located in the top section of the generator for its automatic filling using a high-lift container. Gas rising from the generator through the outlet channels (piping), with a temperature of approximately 250 • C, was routed to a collector connected to the gas pipe, which lead to the hot multi-cyclone and then to the technological line where the other equipment was located, including the monitored sleeve filter equipped with 15 textile sleeves (Figure 2 ) with a diameter of 20 cm and a length of 1.2 m. The total amount of trapped SP during the whole experiment was 10,282.1 g, which corresponds that 0.78 wt.% of fuel was converted into SP.
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The raw material processed in the generator were coniferous cuttings-maximum length 10 to 15 cm, maximum width 5 cm, and a maximum thickness of 2 cm. Their typical physiochemical properties are shown in Table 4 . The proportion of fine particles and particles with bark in the gasified material was negligible. This fuel was used long-term in this unit. It was available, affordable, and had good quality and properties for gasification. This type of material had a medium agglomeration-slagging propensity [22] . 
Analytical Methods
Parameters of the fuel from Table 4 (moisture, volatile, and fixed carbon and ash) were measured by thermogravimetric analyzer Netzsch STA 449 F1 Jupiter. The heating rate was 10 • C/min in a nitrogen atmosphere up to 900 • C. For the amount of ash, there was a change in nitrogen by oxygen and heating continued up to 1200 • C. Ultimative analysis of fuel (amount of C, H, O, N and S) was measured by analyzer LECO CHN 628 with added module 628 S. Combustion heat was measured by the calorimeter LECO AC600.
Thermogravimetric analysis (TG) was measured by the analyzer Netzsch STA 449 F1 Jupiter. The heating rate was 10 • C/min in nitrogen atmosphere. The differential thermal analysis DTA was measured simultaneously, which measures the temperature difference between the standard sample (aluminium oxide) and the sample during heating.
Composition of the filtration cake inorganic fraction and incrust was measured with apparatus ARL 9400 XP+ equipped with a Rh lamp with a head Be-oxides window.
The distribution of the trapped particle size was performed by a Fritsch Particle Sizer Analysette 22 apparatus, where the light source is an He-Ne-laser with a wavelength of 633 nm and maximum measuring range of 0.1-1250 µm. To ensure the homogeneity of the measured sample and reliable statistics in the illuminated volume, the suspension was permanently mixed in an external mixing device during measurement using ultrasound, which provided for the separation of the agglomerate.
The measuring of organic substances composition trapped by the filtration cake was necessary to solve these substances in the solvent. Mechanically separated cake from the surface of the outer filter layer was inserted into the Soxhlet extractor and washed for four hours by acetone. The obtained solution was injected into the gas chromatograph Hewlett Packard HP 6890 with a mass detector Hewlett Packard MSD 5973 (GC-MS).
Results
Analysis of the Composition of the Filtration Cake
The solid pollutants were carefully removed mechanically from its outer surface. The sample of SP was tested by thermogravimetric analysis-see Figure 4 -until 100 • C 1.5% by wt. was released into the stream of carrier gas, until 200 • C about 2.5% by wt., until 300 • C about 7.5% by wt., and until 400 • C about 8% by wt. The simultaneously performed DTA analysis found that there is only one significant endothermal effect, detected at approximately 725 • C. This effect is probably the melting of the inorganic fraction of the filtration cake. The quantity of ash in the SP sample determined by its combustion at 850 °C was 37.28% by wt. The quantity of carbon dioxide in the sample determined using HCl corresponding to the detected carbonates was 2.7% by wt.
Composition of Inorganic Fraction and SP Size of the Filtration Cake
The results of the composition of the filtration cake inorganic fraction were performed using fluorescent X-ray analysis and are summarized in Table 5 . Measurement of the distribution of trapped particle size was performed for samples taken in the middle of four sleeves using the laser technique Analysette. The results are shown in Table 6 . Particle sizes were in the range of 10 μm to 3 mm. The quantity of ash in the SP sample determined by its combustion at 850 • C was 37.28% by wt. The quantity of carbon dioxide in the sample determined using HCl corresponding to the detected carbonates was 2.7% by wt.
The results of the composition of the filtration cake inorganic fraction were performed using fluorescent X-ray analysis and are summarized in Table 5 . Measurement of the distribution of trapped particle size was performed for samples taken in the middle of four sleeves using the laser technique Analysette. The results are shown in Table 6 . Particle sizes were in the range of 10 µm to 3 mm. 
Analysis of Organic Substances Trapped by Filtration Cake
The next part of the research work was related to the identification and quantification of the components trapped in the filtration cake by the sleeves (Table 7) . 
Chemical Composition of Incrust
The composition of the incrust ( Figure 5 ) shown in Table 8 , where the concentration of the 16 most significant components from the 79 monitor elements is shown. 
The composition of the incrust ( Figure 5 ) shown in Table 8 , where the concentration of the 16 most significant components from the 79 monitor elements is shown. Evaluation of X-ray diffraction analysis assessing only the composition of the crystalline phase of the incrust is shown in Table 9 . 
Discussion
Fuel from woody biomass is a common commercial fuel but it has a higher amount of ash, e.g., woody pellets have only 0.15 wt.% of ash but coniferous cuttings could be contaminated by bark or pieces of soil.
From Table 5 , it clearly follows that the dominant oxide of the inorganic fraction of SP are aluminum, calcium, and silicon oxide. The second most abundant component is potassium oxide, followed by manganese oxide, silica, ferric oxide, and sodium oxide. This table also clearly shows that phosphates and sulphates form an inconsiderable part of ash matter from biomass trapped in the filter. Chlorides represent only 0.1% by wt. in the monitored sample. A surprising result was the determined concentrations of heavy metals in the analyzed matter, particularly in terms of the toxicity of fly ash and its disposal and storage related to transport etc. This involves mainly copper, chrome, zinc, and manganese oxides. The determined distribution of particle sizes of solid pollutants trapped by the sleeve filter from the raw generator gas produced by gasifying wood chips by air, demonstrated that their absolute size ranges from approximately 0.4 to 185 µm, whereas 99% by wt. of monitored particles were smaller than 100 µm. The proportion with a diameter up to 1 µm was approximately 1%, and up to 10 µm was approximately 22%.
The distribution of the individual mass fractions from 10% to 80% did not demonstrate any significant differences. The difference in particle size between 99 and 100% cannot be considered decisive due to the genesis of the sample.
Comparison of TG and GC-MS data shows that the results of thermogravimetric analysis do not correspond fully with the results of the performed identification. The sum of the weight of the individual identified tar components was substantially lower than the weight of substances released from the heated filtration cake in a nitrogen atmosphere. This could be caused by chemical sorption of organic substances on the SP, which could not be removed by the solvent.
The performed analyses of the incrust show that this is made up of mainly inorganic components of ash from the raw material gasified in the generator [23] . Its formation is defined significantly by potassium, calcium, and silicon oxides; and also phosphorus, iron, and magnesium oxides in the amorphous part [24] .
Many of the identified oxides are typical components of ash matter forming low melting ash during combustion, or wood gasification. The relatively high silica content shows that this component was dosed into the generator with fuel during its preparation. One of its undesirable effects in the generator´s oxidation zone, where relatively high temperatures are present, is the formation of crystalline substances creating incrusts. An example of a K 2 O-CaO-SiO 2 phase diagram is shown in Figure 6 , where even the following eutectics can be found [25] To prevent similar undesirable conditions during the operation of cogeneration units, it is necessary to substantially limit its presence in the woody matter dosed into the generator. This applies to silica itself contaminating the tree bark or silica present in soil. The thermal conditions of decomposition of clay minerals must be considered: Kaolinite 450-700 • C, montmorillonite 600-700 • C, 800-900 • C, and illite 450-700 • C, 850-950 • C. To prevent similar undesirable conditions during the operation of cogeneration units, it is necessary to substantially limit its presence in the woody matter dosed into the generator. This applies to silica itself contaminating the tree bark or silica present in soil. The thermal conditions of decomposition of clay minerals must be considered: Kaolinite 450-700 °C, montmorillonite 600-700 °C, 800-900 °C, and illite 450-700 °C, 850-950 °C. 
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